Abstract. Large shield volcanoes and calderas are not observed on the Moon. Theoretical assessments show that melt ascending from the mantle will stall at rheological traps or at the shallower density trap at the base of the low-density lunar crust. Magma will then only reach the surface along dikes propagated from these deep reservoirs, and such events will be infrequent and characterized by very large-volume eruptions. 
Meandering channels known as sinuous rilles occur primarily in the lunar maria, and preferentially along the edges of the maria (Schubert et al., 1970; Murray, 1971) . Rille widths range up to about 3 km and are commonly relatively constant along their course; lengths range from a few km to more than 300 km. In some cases, sinuous rilles originate in circular or elongate depressions and these are sometimes located in the highands adjacent to the maria. These depressions do not appear to have associated flows other than the sinuous rille, and they are not characterized by topographic buildup typical of a shield. Although the general morphologic similarity between sinuous rilles and terrestrial lava channels and tubes led to the interpretation that they were of similar origin, sinuous rilles are generally an order of magnitude larger and often much more highly sinuous than terrestrial lava channels. The characteristics of lunar sinuous rilles unexplained by simple lava channel/tube models can be accounted for by associated thermal erosion (Hulme, 1973; Carr, 1973; Hulme, 1982) . Thermal erosion processes seem to best explain the majority of characteristics of larger sinuous rilles, although many lava channels and collapsed tubes do occur and are clearly linked genetically.
Eruption conditions characteristic of large sinuous rilles can be inferred from their length, width, depth, and the nature of their source regions. Hulme (1973) (Solomon, 1975) .
Buoyancy is certainly the major factor affecting the separation of partial melts from their source rocks. However, partial melting is itself most commonly the result of the buoyant rise of the source rocks relative to their surroundings and their consequent adiabatic decompression. Various alternatives have been proposed for the degree of separation of melt and solid residuum during the melting process, but it is clear that melts rising from great enough depths in the mantle are likely to do so as parts of partially molten diapiric bodies with sizes ranging from hundreds of meters to kilometers. A diapir rises at a rate determined by its density contrast with the surrounding rocks and the temperature-dependent rheological properties of those rocks. Heat is transferred from the diapir into the surrounding rocks, reducing their viscosity and increasing the rise rates of the diapir; however, this process commonly leads to the freezing of the melt component of the diapir before it approaches the surface (Marsh, 1984) . The fact that the temperature of the country rocks decreases with increasing proximity to the surface means that the ability of a diapir to rise will be rapidly reduced at some level in the mantle, leading to the concept of a rheological trap for diapirs.
Melt may still be able to reach the surface from a diapir stalled at a rheological trap provided stresses accumulate in such a way that a dike can begin to propagate into the overlying rocks (Sleep, 1988) . This is essentially accomplished by the presence in the melt of a pressure in excess of the local lithostatic pressure. This pressure arises from expansion on melting and the difference between the compressibilities of the melt and the surrounding solid rocks. Failure of the rocks overlying a melt body will occur when the excess pressure is approximately one half of the tensile strength of the rocks (Tait et al., 1989 ). The tensile strength (which may have a value of order 30-50 MPa, but in general is a function of the local temperature and pressure, and possibly also the applied strain rate) therefore acts to limit the largest pressure differential which can build up to a value of the order of 15-25 MPa.
Dikes can propagate from a melt body at depth in two ways: 1) the dike grows until it extends continuously from the melt source to the surface; 2) the lower end of the dike disconnects from the melt body before the upper end reaches the surface. In the latter case the dike propagates as a separate structure within the country rocks, and can only continue to rise as long as the melt within it has a net positive buoyancy; such dikes cannot penetrate the lunar crust unless they have a vertical extent which is approximately double the crustal thickness, so that the positive buoyancy of the melt in the mantle section of the dike more than counterbalances the negative buoyancy of the part of the dike in the crust. If the lower end of a dike stays connected to its melt source, two factors act to allow magma which is negatively buoyant in the crust to reach the surface. The first (Solomon, 1975) involves considering the net buoyancy of the melt in the dike, mentioned above in connection with disconnected dikes.
If the pressure due to the weight of the column of magma in an open dike is less than the pressure due to the weight of the surrounding country rocks overlying the source body, the pressure differential represents an excess pressure which is available to overcome the wall friction involved in driving magma through the dike, and a surface eruption can take place . This analysis assumes that stresses in the rocks surrounding the magma source body can be approximated by lithostatic pressures, but this is acceptable at the depths within the lithosphere of interest here.
There is, however, a second factor involved in the existance of an open dike. The pattern of stresses which controls dike geometry is such that a finite excess pressure must exist in the magma source body to hold the dike open against elastic forces (Pollard, 1987) . The size of this excess pressure depends on whether or not the melt in the dike is buoyant, and for the negatively buoyant case (Rubin and Pollard, 1987) it is always the case that a larger excess pressure is required to keep the dike open than the excess pressure which arises from the magma weight considerations (Head and Wilson, 1991) . Thus, it is the availability of a high enough stress to keep a dike open to the surface that is the limiting factor in allowing surface eruptions to take place, not the need to support the weight of the magma in the dike.
When the above stresses are evaluated for magma source bodies stalled at the density trap at the base of the crust or at greater depths in the mantle (Head and Wilson, 1991) , it is found that stresses greater than the 15-25 MPa limit imposed by the country rock tensile strength are required if the magma source is deeper than about 150 km. Thus, surface eruptions cannot be achieved unless melt can penetrate to within 150 km of the surface. As it happens, this depth is comparable to twice the thickness of the lunar crust, implying that dikes which are disconnected from melt sources will be no more common than connected dikes. Models of the three-dimensional geometry of dikes (Lister, 1990) can be used to calculate the approximate widths and thicknesses of dikes extending from depths of 60-150 km and yield melt volumes in the range 200-600 km3 (Head and Wilson, 1991) . Thus, unless a dike happens to penetrate just as far as the surface (a statistically unlikely circumstance), the volume of magma erupted through a dike of this size is likely to be much greater than the volume of the dike itself. Dikes growing from magma bodies stalled at the base of the crust will have volumes of about 20-60 km3, about 10 times less than the values cited above, but still far in excess of eruptions typical of terrestrial shield volcanoes.
Large shield volcanoes and calderas are apparently absent on the Moon. The characteristics of lunar mare landforms and deposits indicate that the average global effusion rate was very low, but that many individual eruptions were characterized by high effusion rates and relatively long durations, and were separated in time from one another by relatively long periods. These characteristics are consistent with theoretical analyses of the ascent and eruption of magma on the Moon, which indicate that the low density of the lunar crust and its thickening lithosphere create buoyancy and rheological traps which cause ascending magma diapirs to stall at significant depths (at the base of the crust or deeper) (Figure 2) . Analysis of the factors required to propagate dikes from these sources to the surface indicates that surface eruptions will be infrequent and of very high volume, similar to those thought to be responsible for the formation of sinuous rilles. Shallow neutral buoyancy zones and the resulting magma reservoirs, from which smallvolume, high-frequency eruptions can occur to build an edifice surrounding a central vent, are very difficult to produce under these conditions.
